Introduction
COPD is a leading cause of morbidity and mortality, with an estimated global prevalence of 11.7% (2010 figures), equivalent to 384 million cases. 1 In 2005, COPD accounted for 5% of all deaths globally, and this is projected to increase by 30% over the next 10 years. 2 Long-acting bronchodilators are the mainstay of COPD treatment, and are recommended by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines for maintenance therapy of patients with moderate-to-very severe disease. 3 Tiotropium (Spiriva ® ) is an established once-daily long-acting muscarinic antagonist (LAMA) shown to improve lung function, patient-reported outcomes such as dyspnea and quality of life, and reduce exacerbations in patients with COPD. 4 Olodaterol (Striverdi ® Respimat ® ) is a recently approved and marketed novel long-acting β 2 -agonist (LABA) that provides 24-hour bronchodilation and symptomatic benefits in patients with COPD. 5, 6 In COPD patients who are not adequately controlled despite the use of a single bronchodilator, dual bronchodilation with tiotropium and olodaterol as a fixeddose combination (FDC) was shown to be safe and efficacious over 52 weeks versus the monocomponents in the 2 Phase III TONADO trials. 7 While olodaterol is mainly metabolized by the liver, and its metabolites excreted in the feces, tiotropium is primarily eliminated by the kidneys, and increasing plasma concentrations have been noted in patients with moderate-to-severe renal impairment (creatinine clearance [CLcr] 50 mL/min). Although no dose reduction for tiotropium or tiotropium/ olodaterol is recommended for patients with renal impairment based on pharmacokinetic data, it is recommended that the use of tiotropium and tiotropium/olodaterol in patients with severe renal impairment be closely monitored. [8] [9] [10] Observational studies have raised questions regarding whether urinary retention, particularly in elderly male patients with COPD and coexisting lower urinary tract symptoms or benign prostate hyperplasia, 11 may increase with systemic availability of inhaled anticholinergics. 12, 13 Increasing age is a risk factor for COPD, 14 and renal impairment is a frequent comorbidity in elderly patients. Therefore, there is a concern that this group may be at greater risk of adverse events (AEs) due to decreased elimination and increased systemic availability of tiotropium. Nevertheless, extensive post-marketing experience has been collected with the use of tiotropium under real-world conditions in patients with comorbidities, 15, 16 and in a recent pooled analysis including 24,555 patients, renal impairment did not result in an increased incidence of tiotropium-related AEs. 17 To date, there have been no known safety issues with renal impairment in patients treated with olodaterol, and there are no special considerations regarding the use of olodaterol in patients with renal impairment, although clinical trial data are lacking for patients with severe renal impairment.
Thus, the objective of this analysis was to describe the patient risk characteristics associated with renal impairment in patients with moderate-to-very severe COPD being treated with tiotropium/olodaterol or the monocomponents in the TONADO studies, and to investigate whether renal impairment is associated with additional safety concerns in this patient population. 
Methods

study design
The TONADO studies were replicate 52-week, multinational, Phase III, multicenter, parallel-group, randomized, double-blind, active-controlled studies (Study 1237.5: NCT01431274; Study 1237.6: NCT01431287) comparing tiotropium/olodaterol FDC with the monocomponents, all delivered by the Respimat inhaler, in patients with moderateto-very severe COPD (GOLD 2-4). 7 The main inclusion and exclusion criteria of the TONADO studies are described elsewhere; 7 briefly, outpatients aged 40 years with a history of moderate-to-very severe COPD (GOLD Stage 2-4); post-bronchodilator forced expiratory volume in 1 second (FEV 1 ) 80% of predicted normal; post-bronchodilator FEV 1 /forced vital capacity 70%; and current or ex-smokers with a smoking history of 10 pack-years were included. Patients with a significant and unstable disease other than COPD were excluded from the study. 7 Patients with moderate or severe renal impairment (CLcr 50 mL/min) were included, but were monitored closely by the investigator. 7 The studies were conducted in accordance with the Declaration of Helsinki, the International Conference on Harmonisation's Harmonised Table 1 ). 18 In a prespecified safety analysis, investigator-reported treatment-emergent AEs (TEAEs) were pooled from both TONADO studies. In TONADO, all AEs and serious AEs (SAEs) occurring from consent through 21 days after the last dose of the study medication were collected. The duration, intensity, relatedness to study drug, treatment required, outcomes, seriousness, and action taken were recorded by the investigator. AEs were classed as mild, moderate, or severe using predefined criteria. An SAE was defined as any AE that resulted in death, was immediately life-threatening, resulted in persistent or significant disability or incapacity, required hospitalization, or resulted in a congenital anomaly/ birth defect. All deaths and SAEs were adjudicated by an external independent, blinded adjudication committee of clinicians.
analysis
AEs were coded as per the Medical Dictionary for Regulatory Activities version 16.1 and assigned to system organ classes (SOCs). A composite endpoint of major adverse cardiovascular events (MACE) was included, representing fatal AEs in cardiac disorder and vascular disorder SOCs, in combination with fatal and nonfatal myocardial infarction, fatal and nonfatal stroke, as well as sudden death, sudden cardiac death, and cardiac death.
Data are reported for patients who received tiotropium/ olodaterol 5/5 μg, tiotropium 5 μg, or olodaterol 5 μg, and who had baseline CLcr data available.
Results
Patient population
In TONADO, 5,162 patients were treated and 3,100 received study drugs at the marketed doses (olodaterol 5 μg: n=1,038; tiotropium 5 μg: n=1,033; tiotropium/olodaterol 5/5 μg: n=1,029). Of these, 3,041 patients had baseline CLcr data available. At baseline, 1,333 (43.8%) patients had mild renal impairment (CLcr 60-89 mL/min) and 404 (13.3%) had moderate renal impairment (CLcr 30-59 mL/min), and were distributed equally between treatment groups. Five patients (0.2%) had severe renal impairment at baseline (CLcr 15-29 mL/min); of these, 2 received olodaterol and 3 received tiotropium/olodaterol ( Table 2) . Because of the small number of patients with severe renal impairment in the TONADO studies, these are not included in the stratified comparative analysis and are described case by case.
Baseline characteristics and demographics
Approximately two-thirds of patients were male (69.6%-77.6%), with no differences observed between treatment groups or renal impairment category ( Table 2 ). Age and smoking history (pack-years) tended to increase with severity of renal impairment, with no differences observed between treatment groups (Table 2) . Notably, the proportion of current smokers among all analyzed patients decreased with increasing severity of renal impairment (42.6%, 36.5%, and 22.8% of patients with no, mild, and moderate renal impairment, respectively).
Among all treated patients with normal renal function, 77.1% received pulmonary medication at baseline, compared with 79.9% and 83.2% of those with mild and moderate renal impairment, respectively. This increase was not related to an increase in COPD severity, as determined by GOLD stage, at baseline (Table 2) , and no clear differences were observed between treatment groups. The proportion of patients receiving tiotropium at baseline increased with renal impairment severity (31.5%, 36.6%, and 39.6% in patients with no, mild, and moderate renal impairment, respectively), whereas no differences were observed among the proportions of patients receiving a LABA (47.4%, 44.6%, and 46.0%, respectively) or inhaled corticosteroids (47.0%, 47.1%, and 50.7%, respectively). There was some increase in the proportion of patients receiving supportive pulmonary medication (mucolytics) at baseline with increasing severity of renal impairment, irrespective of no increase in COPD severity at baseline (Table 2) . Similar proportions of patients with normal (61.0%), mild (53.6%), and moderate (62.1%) renal impairment received cardiovascular medication at baseline. Of the 5 patients with severe renal impairment, 4 (80%) were receiving cardiovascular medication at baseline.
Considerable comorbidity was observed in the TONADO study population; almost one-quarter of treated patients included in this analysis (23.4%) had a history of cardiac disorder, 45.6% had hypertension, and 13.3% had disorders of glucose metabolism, including diagnosed diabetes mellitus. Overall, the proportion of patients with comorbidities did not tend to increase uniformly with the severity of renal impairment ( Figure 1 ). 
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safety of tiotropium/olodaterol in patients with COPD and renal impairment exposure to study medication Exposure to study drug was similar among all patients, irrespective of treatment group or the presence of renal impairment. Among patients with severe renal impairment, median (minimum-maximum) exposure to olodaterol and tiotropium/olodaterol was 368 (range 364-372) and 365 (range 14-367) days, respectively; no patients with severe renal impairment were exposed to tiotropium monotherapy (Table 2 ).
aes and saes
Safety outcomes by baseline renal impairment and treatment group are summarized in Table 3 , Figures 2 and S1 . Overall, the proportion of patients with an AE or SAE was high, as would be expected in a typically sick population of patients with COPD.
Among all treated patients, 72.6% with normal renal function reported an AE compared with 74.3% with mild and 78.7% with moderate renal impairment ( Table 3) . AEs with olodaterol, tiotropium, and tiotropium/olodaterol occurred in 75.1%, 70.8%, and 72.0% of patients with no renal impairment; 75.7%, 74.0%, and 73.3% with mild renal impairment; and 84.3%, 79.5%, and 79.7% with moderate renal impairment, respectively (Table 3 ; Figures 2 and S1 ). TEAEs occurred in 5.6% of patients with normal renal function, 6.9% of those with mild renal impairment, and 8.9% with moderate renal impairment (Table 3) .
SAEs occurred in 15.3% of patients with normal renal function, compared with 16.4% and 23.0% of patients with mild and moderate renal impairment, respectively (Table 3) . Among patients receiving olodaterol, tiotropium, and tiotropium/olodaterol, SAEs occurred in 18.2%, 13.6%, and 14.1% of patients with normal renal function; in 13.8%, 18.7%, and 16.7% with mild renal impairment; and in 26.1%, 19.7%, and 23.2% with moderate renal impairment, respectively ( Table 3) . The proportion of patients with a fatal SAE was low in all treatment groups, with a similar incidence reported among those receiving tiotropium/olodaterol regardless of the level of renal impairment (normal 1.5%; mild 2.0%; moderate 2.2%; Table 3 ). SAEs requiring hospitalization occurred in 14.1%, 14.7%, and 19.8% of patients with normal, mild, and moderate renal impairment, respectively, with no clear differences between treatment groups (Table 3) .
Discontinuation of study medication
Generally, lower proportions of patients discontinued study treatment, either prematurely or due to an AE, with tiotropium/olodaterol compared with the monocomponents, with no effect of renal impairment category observed (Figure 3) . safety outcomes in patients with severe renal impairment Among the 5 patients with severe renal impairment, AEs occurred in 1 of the 2 patients receiving olodaterol and 3 of the 3 patients receiving tiotropium/olodaterol; all patients recovered and all continued taking study medication. One patient receiving tiotropium/olodaterol experienced an AE that was considered by the investigator as possibly related to treatment (dysgeusia, insomnia, sudoresis, and tremor); this was not considered serious, and the patient recovered and continued treatment (Table 4) .
Clinically relevant aes associated with renal impairment, and use of tiotropium/ olodaterol or the monocomponents Renal impairment did not affect the incidence of any specific clinically relevant AE, and there was no difference in AE incidence among patients in each group treated with tiotropium/olodaterol versus tiotropium or olodaterol alone. Notably, exposure-adjusted incidence rates of MACE, renal and urinary tract AEs, and potential anticholinergic effects were not affected by the level of renal impairment or by treatment (Figures 4 and S1A-D) .
Discussion
In this subgroup analysis of data from the TONADO studies, the safety profile of tiotropium/olodaterol compared with the monocomponents was similar to the overall results of the study, regardless of the severity of renal impairment. When analyzed by each renal impairment category, the proportion of patients experiencing an AE was comparable to the results of the TONADO studies, in which 74.4% of patients experienced 1 AE. 7 Importantly, the proportion of patients experiencing an AE did not increase proportionally with the severity of renal impairment, and no increase in the proportion of patients with an AE or SAE was found with tiotropium/olodaterol compared with the monocomponents. Discontinuation of study medication occurred less frequently with tiotropium/ olodaterol than with the monocomponents, suggesting better tolerability of the FDC in this patient population. 7 Overall, these data support the safety of dual bronchodilation with tiotropium and olodaterol in patients with moderate-to-very severe COPD and renal impairment, with no additional safety concerns found with combination therapy over the monocomponents. 
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safety of tiotropium/olodaterol in patients with COPD and renal impairment The pharmacokinetics of tiotropium have been wellcharacterized in preclinical studies using in vitro and in vivo models, and confirmed in clinical studies. 19, 20 Tiotropium binds to human M3 receptors with high affinity, and its slow dissociation kinetics account for its long duration of action, providing 24-hour bronchodilation. 19, 20 Similarly, binding, kinetic, and functional data support the 24-hour duration of olodaterol action, confirming the suitability of both agents for once-daily dosing. 21 The doses of the monocomponents used in the FDC (tiotropium 5 μg, olodaterol 5 μg) are based on data from dose-finding studies and are consistent with the respective optimum dose when each is used as a monotherapy. 22 In a 4-week, Phase II, dose-ranging study, systemic exposure to olodaterol was shown to increase doseproportionally within the dose range 5-20 μg in patients with moderate-to-severe COPD. 23 Olodaterol is excreted renally only at low levels, varying from 0.341% to 0.628% of the inhaled dose after 1 and 29 days of dosing, respectively. 23 Olodaterol was associated with a dose-response improvement in lung function, which plateaued at 10-20 μg, with no evidence of dose-dependent safety signals. 23 Dose-ranging studies of tiotropium delivered with the Respimat inhaler identified doses of 5 and 10 μg as the most effective and safe, based on the assessment of efficacy, safety, and pharmacokinetics. 24 Compared with doses of 5 and 10 μg, 20 μg tiotropium resulted in a much higher systemic exposure, without any additional benefits in efficacy; 5 and 10 μg were therefore investigated in the Phase III trials. 24 When administered in combination, the pharmacokinetics of tiotropium and olodaterol are similar to those when either drug is administered alone, with no dose adjustments required for either tiotropium or olodaterol. 10 This is in contrast to other LABA/LAMA FDCs. 22, 25 A Phase I study of aclidinium/ formoterol FDC versus the monocomponents in healthy subjects revealed no differences in the relative bioavailability of the FDC compared with the monocomponents; 
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safety of tiotropium/olodaterol in patients with COPD and renal impairment with tiotropium and mild-to-moderate renal impairment, defined as CLcr 60 and 30 mL/min, respectively, 17, 32 consistent with the findings of the present analysis.
The long-term general and cardiovascular safety of tiotropium and olodaterol in patients with COPD has been confirmed in several large clinical trials. 4, [33] [34] [35] [36] Anticholinergics such as tiotropium inhibit parasympathetic-induced bronchoconstriction by blocking the action of acetylcholine through binding to muscarinic receptors in the airways. 37 Although administered via an inhalation device, the use of inhaled LAMAs carries a potential risk of systemic anticholinergic side effects, including dry mouth, constipation, glaucoma, urinary retention, hallucinations, and cardiac effects, at doses higher than the therapeutic doses, or under situations of markedly reduced elimination, particularly in elderly patients. 38 In the TONADO studies, there was a low incidence of potential anticholinergic effects overall. 7 Similarly, in the present analysis, the use of tiotropium/olodaterol was not associated with any increased risk of anticholinergic side effects compared with the monocomponents, regardless of the level of renal impairment at baseline.
Longitudinal studies have shown that renal function, as measured by estimated GFR or CLcr, declines with advancing age, with a faster rate of decline observed in older individuals and in those with lower baseline renal function. [39] [40] [41] As the prevalence of COPD increases with advancing age, it is likely that a high proportion of patients with COPD also have reduced renal function. 1 Indeed, 1% and 7% of patients with COPD enrolled in Phase III studies have been estimated to have mild and moderate renal impairment, respectively. 27 Although advancing age has been associated with reduced renal clearance of tiotropium, increased systemic exposure to the drug was not found. 10 Thus, the findings of this analysis support the safety of tiotropium/olodaterol in older patients with COPD and impaired renal function.
Generally, data from randomized clinical trials regarding the safety of tiotropium and olodaterol in patients with renal impairment are lacking, owing to the exclusion criteria of the trials. Therefore, a strength of the present analysis is that the large size of the TONADO trials (5,000 patients) permits subgroup comparisons regarding renal safety; 7 however, the number of patients with severe renal impairment at baseline remained low, likely reflecting the exclusion criteria of the trials. A limitation of this analysis is that CLcr was estimated as per usual practice 18 at baseline and was not repeated during follow-up; therefore, changes in renal function over the course of the study period were not considered. The Cockcroft-Gault equation was developed however, systemic exposure, as determined by C max and AUC 0−t , was 26% and 3% higher with the FDC than with aclidinium alone, and 18% and 11% higher than formoterol alone, respectively. 26 Unlike olodaterol, tiotropium is excreted renally, and urinary excretion of tiotropium administered via Respimat increases in a dose-dependent manner. 24 Renal impairment has been associated with increased plasma drug concentrations and reduced clearance following inhalation of tiotropium, either as a dry powder (via HandiHaler ® ) or solution (via Respimat). 9 In a study assessing the pharmacokinetics of single-dose tiotropium administered intravenously to patients with varying levels of renal impairment, increasing plasma concentrations of tiotropium were associated with decreasing renal function, with the highest levels observed in individuals with severely impaired renal function. 27 This was associated with an increased mean terminal disposition half-life. Although the dose used in that study resulted in a higher systemic exposure compared with the recommended dose of tiotropium, no acute AEs occurred in any individual with renal impairment. 27 Thus, no dose adjustment is recommended for tiotropium/olodaterol in patients with moderateto-severe renal impairment, although it is advised that patients should be monitored closely for potential anticholinergic effects. 10 Similarly, no dose adjustments are recommended for the combination therapies indacaterol/glycopyrronium, umeclidinium/vilanterol, or aclidinium/formoterol in patients with renal impairment. 25, 28 Aclidinium is rapidly hydrolyzed, and a Phase I study showed that very low levels (1%) are excreted unchanged renally, regardless of the presence of varying levels of renal impairment, suggesting that a dose adjustment is not needed in this population. 29 In patients with severe renal impairment, there was no evidence of an increase in systemic exposure of either umeclidinium or vilanterol when administered in combination, with umeclidinium given at twice the recommended dosage. 30 A database analysis suggested that tiotropium administered via the Respimat device may confer an increased risk of mortality among patients with stage 3-5 chronic kidney disease, defined as an estimated glomerular filtration rate (GFR) 60 mL/min/1.73 m 2 body surface area, while no increased risk was suggested in patients with normal renal function (adjusted hazard ratio [HR] 1.52; 95% CI: 1.02-2.28 versus HR 0.84; 95% CI: 0.25-2.85, respectively). 31 However, in a pooled analysis of 10,805 patients with renal impairment enrolled in 22 placebo-controlled trials of tiotropium (HandiHaler 18 μg and Respimat 5 μg), no association was found between the incidence of AEs, SAEs, or fatal SAEs based on the observation that CLcr decreases linearly with age, and predicts CLcr based on measured serum creatinine, age, and weight. However, these initial observations were based on males and assumed that renal function was stable, and the calculation was not adjusted for body surface area. 42 Although recommended by the US FDA for use in pharmacokinetics studies, the ability of the Cockcroft-Gault equation to correctly estimate GFR has been questioned, and it has been shown to be imprecise in reflecting GFR based on the measurement of creatinine secretion, particularly in patients aged 65 years, who may have a reduced GFR despite normal serum creatinine levels. [43] [44] [45] Nevertheless, the results of the present analysis are reassuring, with no safety signals observed in patients with COPD and varying levels of renal impairment, as determined by means of CLcr.
Conclusion
In this subgroup analysis of patients with renal impairment participating in the TONADO studies, there was no increase in the proportion of patients with AEs or SAEs with tiotropium/olodaterol versus tiotropium or olodaterol alone, and the presence of renal impairment did not affect the incidence of AEs in any treatment group. These findings indicate that the safety and tolerability of tiotropium/olodaterol FDC delivered via Respimat are comparable to the monocomponents regardless of the level of renal impairment, with no additional safety signals observed.
